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ABSTRACT

Zika virus (ZIKV) is an emerging arbovirus of the Flaviviridae family, which includes dengue, West Nile, yellow fever, and Japa-
nese encephalitis viruses, that causes a mosquito-borne disease transmitted by the Aedes genus, with recent outbreaks in the
South Pacific. Here we examine the importance of human skin in the entry of ZIKV and its contribution to the induction of anti-
viral immune responses. We show that human dermal fibroblasts, epidermal keratinocytes, and immature dendritic cells are
permissive to the most recent ZIKV isolate, responsible for the epidemic in French Polynesia. Several entry and/or adhesion fac-
tors, including DC-SIGN, AXL, Tyro3, and, to a lesser extent, TIM-1, permitted ZIKV entry, with a major role for the TAM re-
ceptor AXL. The ZIKV permissiveness of human skin fibroblasts was confirmed by the use of a neutralizing antibody and specific
RNA silencing. ZIKV induced the transcription of Toll-like receptor 3 (TLR3), RIG-I, and MDA5, as well as several interferon-
stimulated genes, including OAS2, ISG15, and MX1, characterized by strongly enhanced beta interferon gene expression. ZIKV
was found to be sensitive to the antiviral effects of both type I and type II interferons. Finally, infection of skin fibroblasts re-
sulted in the formation of autophagosomes, whose presence was associated with enhanced viral replication, as shown by the use
of Torin 1, a chemical inducer of autophagy, and the specific autophagy inhibitor 3-methyladenine. The results presented herein
permit us to gain further insight into the biology of ZIKV and to devise strategies aiming to interfere with the pathology caused
by this emerging flavivirus.

IMPORTANCE

Zika virus (ZIKV) is an arbovirus belonging to the Flaviviridae family. Vector-mediated transmission of ZIKV is initiated when
a blood-feeding female Aedes mosquito injects the virus into the skin of its mammalian host, followed by infection of permissive
cells via specific receptors. Indeed, skin immune cells, including dermal fibroblasts, epidermal keratinocytes, and immature den-
dritic cells, were all found to be permissive to ZIKV infection. The results also show a major role for the phosphatidylserine re-
ceptor AXL as a ZIKV entry receptor and for cellular autophagy in enhancing ZIKV replication in permissive cells. ZIKV replica-
tion leads to activation of an antiviral innate immune response and the production of type I interferons in infected cells. Taken
together, these results provide the first general insights into the interaction between ZIKV and its mammalian host.

Zika virus (ZIKV) is a little-known emerging mosquito-borne
flavivirus, of the Flaviviridae family, that is closely related to

the Spondweni serocomplex. Like other members of the Flavivirus
genus, ZIKV contains a positive, single-stranded genomic RNA
encoding a polyprotein that is processed into three structural pro-
teins, i.e., the capsid (C), the precursor of membrane (prM), and
the envelope (E), and seven nonstructural proteins, i.e., NS1 to
NS5 (1). Virus replication occurs in the cellular cytoplasm.

Epidemiological studies point to a widespread distribution of
ZIKV in the northern half of the African continent, as well as in
many countries in Southeast Asia, including Malaysia, India, the
Philippines, Thailand, Vietnam, Indonesia, and Pakistan (2–9).
Many different Aedes species mosquitoes can account for the
transmission of ZIKV, including Aedes aegypti (10, 11), which at
present is considered to be the main vector of the virus in South
and Southeast Asia (11, 12). The first human ZIKV infection
was reported in Uganda in 1964 (2, 3, 5, 13), and the virus was
later isolated from humans in Southeast Asia (8, 14–16). Despite
this broad geographical distribution, human ZIKV infections

remained sporadic and limited to small-scale epidemics for de-
cades, until 2007, when a large epidemic was reported on Yap
Island, a territory of the Federated States of Micronesia, with
nearly 75% of the population being infected with the virus (17).
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Moreover, an outbreak of a syndrome due to Zika fever has been
reported in French Polynesia, in addition to several cases of ZIKV
infection in New Caledonia, Easter Island, and the Cook Islands,
indicating a rapid spread of the virus in the Pacific (18). Also, two
imported cases of ZIKV infection of travelers, from Indonesia and
the Cook Islands to Australia, and two cases imported from Thai-
land, to Europe and Canada, were described recently (19–22),
emphasizing the capacity of ZIKV to spread to areas where it is not
endemic but where the proper mosquito vector might be present.
The largest outbreak of ZIKV ever reported was characterized by
fever, rash, arthralgia, and conjunctivitis in infected individuals.
Moreover, during the recent outbreak in French Polynesia, ZIKV
infection-related neurological disorders were also described, and
the incidence of Guillain-Barré syndrome unexpectedly increased
20-fold (23). In the absence of monkeys in French Polynesia, it is
likely that humans served as primary amplification hosts for
ZIKV.

Because ZIKV has received far less attention than other emerg-
ing arboviruses, such as yellow fever, dengue (DENV), West Nile
(WNV), Japanese encephalitis, and Chikungunya viruses, the
pathogenesis of ZIKV infection still remains poorly understood.
Mosquito-mediated transmission of ZIKV is initiated when a
blood-feeding female Aedes mosquito injects the virus into human
skin, followed by infection of permissive cells (reviewed in refer-
ence 24). However, no information is available either on the na-
ture of the skin cells that are permissive to infection with ZIKV or
on the entry receptor used by this flavivirus. Moreover, the mech-
anisms of ZIKV infection and the signaling pathways and antiviral
immune response of the host elicited by this virus remain to be
determined. In the present study, we describe the entry receptors
and cellular targets of the most recent ZIKV isolate, responsible
for the recent epidemic in French Polynesia, to provide general
insights into the interaction between this virus and its human
host.

MATERIALS AND METHODS
Ethics statement. The study was approved by the IRD ethics committee
(registration number AC-2013-1754), and all donors gave written in-
formed consent.

Cells, viruses, and reagents. A. albopictus C6/36 cells, used for prop-
agation of the ZIKV strain, were grown in Dulbecco’s modified Eagle’s
medium (DMEM; Invitrogen, Cergy Pontoise, France) supplemented
with 10% fetal calf serum (FCS; Lonza, Basel, Switzerland) at 28°C, as
previously described (25). Primary human dermal fibroblasts were ob-
tained from neonatal foreskins and cultured at 37°C and 5% CO2 in fi-
broblast basal medium 2 supplemented with FGM-2 supplements and
growth factors (all purchased from Lonza). The HFF-1 skin fibroblast cell
line and HEK293T, A549, and Vero cells were maintained in DMEM
supplemented with 10% FCS. HEK293T cells stably expressing DC-SIGN,
TIM-1, TIM-4, AXL, or Tyro3 have been reported previously (26). Pri-
mary human epidermal keratinocytes were obtained from neonatal fore-
skins (Lonza, Basel, Switzerland) and cultured at 37°C and 5% CO2 in
keratinocyte basal medium 2 (Lonza, Basel, Switzerland) supplemented
with KGM-2 supplements and growth factors (Lonza, Basel, Switzerland).
The low-passage-number PF-25013-18 strain of ZIKV (obtained via V. M.
Cao-Lormeau and D. Musso, Institut Louis Malardé [ILM], Tahiti Island,
French Polynesia), isolated from a viremic patient in French Polynesia in
2013, was used in the current study and was grown in A. albopictus C6/36
mosquito cells. The DENV-2 Jamaica/N.1409 strain (GenBank accession
no. M20558.1) was propagated in AP61 cell monolayers after having un-
dergone limited cell passages. Recombinant human alpha interferon
(IFN-�), IFN-�, and IFN-� and the Torin 1 autophagy inducer were

purchased from R&D Systems (Lille, France). The autophagy inhibitor
3-methyladenine (3-MA) was purchased from Sigma.

Dendritic cell generation. Human peripheral blood mononuclear
cells were isolated from healthy donors by density centrifugation over
Ficoll-Paque Plus (Amersham Biosciences, France). Monocytes were neg-
atively selected with magnetic beads coated with a mixture of antibodies
(Abs; Miltenyi Biotec, France) and seeded at 106 cells/ml in RPMI 1640
supplemented with 10% FCS, 1% penicillin-streptomycin, 50 ng/ml re-
combinant human interleukin-4 (PeproTech, France), and 100 ng/ml re-
combinant human granulocyte-macrophage colony-stimulating factor
(PeproTech, France) for 7 days.

ZIKV infection of cells. For infection, cells were seeded in culture
plates at 4 � 104 cells per cm2. The cells were then rinsed once with
phosphate-buffered saline (PBS), and ZIKV diluted to the desired multi-
plicity of infection (MOI) was added to the cells. The cells were incubated
for 2 h at 37°C with gentle agitation every 30 min. Next, the inoculum was
removed and the cells were washed twice with PBS. Culture medium was
added to each well, and the cells were incubated at 37°C and 5% CO2 for
the duration of the experiment. As a control, fibroblasts were incubated
with the culture supernatant from uninfected C6/36 cells, referred to in
the present study as mock-infected cells.

ZIKV infection of human skin biopsy specimens. Fresh, sterile hu-
man skin biopsy specimens of 88 mm were obtained from three adult
healthy donors (age range, 38 to 43 years) following abdominoplastic
surgery. The skin explants were cultured as described by Limon-Flores et
al. (27). For infection, 106 PFU in a final volume of 50 �l DMEM was
injected into each biopsy specimen. As a control, skin biopsy specimens
were injected with culture supernatant from uninfected C6/36 cells in a
final volume of 50 �l DMEM. At different time points, the biopsy speci-
mens were harvested and soaked with enzymes that degrade the extracel-
lular matrix by using a whole-skin dissociation kit (Miltenyi Biotec, Paris,
France). In the second step, single cells were freed from the extracellular
matrix by using gentleMACS Dissociator (Miltenyi Biotec, Paris, France),
and cells were lysed with Tri reagent (Sigma, Saint Quentin Fallavier,
France) for reverse transcription-PCR (RT-PCR) analysis. For histologi-
cal analysis, biopsy specimens were fixed in neutral buffered formalin and
embedded in paraffin. Tissue sections (3 to 5 �m) were stained with
hematoxylin-eosin, placed on slides, and digitalized with a Nanozoomer
scanner (Hamamatsu, Massy, France) with a 20� objective.

ZIKV real-time RT-PCR. Total RNA was extracted from human fi-
broblasts by using Tri reagent (Sigma, Saint Quentin Fallavier, France)
according to the manufacturer’s protocol. The RNA pellet was resus-
pended in 30 �l of RNase-free distilled water and stored at 80°C. One
microgram of RNA was used for reverse transcription using Moloney
murine leukemia virus (M-MLV) reverse transcriptase (Promega, Char-
bonnieres, France) according to the manufacturer’s instructions. Maxima
probe/ROX qPCR master mix (Fermentas, Saint Remy les Chevreuses,
France) was used for all quantitative PCRs (qPCRs). Each 25-�l reaction
mixture contained 500 nM forward primer, 500 nM reverse primer, 250
nM specific probe, and 1� (final concentration) Maxima probe/ROX
qPCR master mix. The primer and probe sequences targeting ZIKV have
already been described (28). Amplification in an Applied Biosystems 7300
real-time PCR system involved activation at 95°C for 10 min followed by
40 amplification cycles of 95°C for 15 s, 60°C for 15 s, and 72°C for 30 s.
Real-time data were analyzed using SDS software from Applied Biosys-
tems. Viral RNA was quantified by comparing each sample’s threshold
cycle (CT) value with a ZIKV RNA standard curve, which was obtained as
follows. First, total viral RNA from the cell culture was purified using a
QIAamp viral RNA kit (Qiagen, Courtaboeuf, France) following the man-
ufacturer’s protocol. A standard RT-PCR was then carried out by using
primers containing the T7 promoter sequence (T7-ZIKV_F, TAATACG
ACTCACTATAGGGTTGGTCATGATACTGCTGATTGC; and ZIKV_R,
CCTTCCACAAAGTCCCTATTGC). The PCR product was used to generate
ZIKV RNA fragments by in vitro transcription using a MAXIscript kit (Am-
bion, Austin, TX). RNA was then purified by ethanol precipitation, and the
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RNA strands generated were determined by spectrophotometry and con-
verted to numbers of molecular copies by using the following formula: num-
ber of y molecules per microliter � [(x grams per microliter of RNA)/(tran-
script length in base pairs � 340)] � 6.02 � 1023. RNA standards containing
RNA copies were used to construct a standard curve.

Real-time PCR analysis. cDNA was synthesized using 2 �g RNA and
an M-MLV reverse transcription kit (Promega, Charbonière, France) fol-
lowing the manufacturer’s protocol. Gene expression was quantified us-
ing real-time PCR with an Applied Biosystems 7300 real-time PCR sys-
tem. Real-time PCR was performed using 2 �l of cDNA with specific
primers targeting the genes of interest (see Table S1 in the supplemental
material) and 10 �l of Maxima Sybr/ROX qPCR master mix (Fermentas,
Saint Remy les Chevreuses, France) in a final reaction volume of 20 �l.
The cycling conditions were 45 cycles of 95°C for 15 s, 60°C for 15 s, and
72°C for 30 s. mRNA expression (fold induction) was quantified by cal-
culating the 2�		CT value, with glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) mRNA as an endogenous control.

RT2 Profiler PCR array. Total RNA was extracted from primary hu-
man skin fibroblasts by using Tri reagent (Sigma, Saint Quentin Fallavier,
France) according to the manufacturer’s instructions. The concentrations
of all RNA samples were assessed using a NanoDrop spectrophotometer
(NanoDrop Technologies, Wilmington, DE). The same amount of total
RNA (400 ng) from each sample was subjected to a cDNA synthesis reac-
tion by using an RT2 First Strand kit (Qiagen, Valencia, CA). The result-
ing cDNA reaction mixture (20 �l per sample) was diluted in 91 �l of
nuclease-free H2O (Qiagen). The diluted cDNA (102 �l) was mixed with
1,248 �l of H2O plus 1,350 �l of 2� RT2 SYBR green RT2 master mix. The
cocktail was dispensed at 10 �l per well into a 384-well RT2 Profiler PCR
array plate for profiling of a total of 84 genes, as described in the manu-
facturer’s handbook (PAHS-122Z; SABiosciences, Frederick, MD). Five
housekeeping genes (encoding ACTB, B2M, GAPDH, HPRT1, and
RPL13A) were used as internal controls. DNA amplification was carried
out with a Roche LightCycler 480 real-time cycler, using the following
cycling program: 95°C for 10 min followed by 40 cycles of 95°C for 15 s
and 60°C for 1 min, followed by a melting curve acquisition step. The
resulting threshold cycle values for the plate were exported to a blank
Excel worksheet. An automatic datasheet for analysis was downloaded
from the SABiosciences Web portal. The fold changes of gene expression
were calculated in comparison to the values for the controls, as follows:
fold change � inline eq2�(	CT experiment � 	CT control), where 	CT �
CT(gene of interest) � CT(housekeeping gene). The average of reverse
transcription control values and positive PCR control CT values was used
to normalize gene expression and determine fold changes between
groups. To evaluate gene expression, we selected a fold change threshold
of at least 2-fold up- or downregulation compared with the level in mock-
infected cells. Gene regulation was considered statistically significant at a
95% confidence level (P 
 0.05). The confidence level was determined
from data obtained in triplicate for each sample. Statistical analysis was
performed using the RT2 profiler RT-PCR array data analysis software,
version 3.5.

Immunolabeling. Twenty-four and 48 h following infection of fibro-
blasts, ZIKV-infected and mock-infected cells were fixed with 3.7% para-
formaldehyde in PBS for 1 h at room temperature. Slides were blocked by
incubation in 10% FCS and 0.3% Triton X-100 for 30 min and then
incubated for 2 h at 37°C with the monoclonal antibody (MAb) 4G2,
which is directed against the flavivirus envelope protein. Cells were
washed with PBS and incubated for 60 min at room temperature with
fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG. Hoechst
33258 dye was used to stain the nucleus. Preparations were examined with
a Zeiss Apotome/Axioimager device. Autophagy was monitored after fix-
ation of the cells in a 3.7% paraformaldehyde-PBS solution for 10 min at
room temperature, permeabilization, and labeling with anti-LC3 MAbs
(Sigma). Coverslips were analyzed by epifluorescence microscopy using a
Leica microscope.

Electron microscopy. Primary human fibroblasts were exposed to
ZIKV at an MOI of 10, cultured at 5% CO2 for 72 h, collected, washed
twice with PBS, and fixed for 1 h at 4°C in a solution containing 2.5%
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4. Cells were then rinsed
three times in cacodylate buffer and postfixed for 1 h with 1% OsO4

(Electron Microscopy Sciences Inc.). After an additional washing, the cells
were incubated for 30 min in 0.5% tannic acid (Merck). Dehydration was
obtained by using a graded series of ethanol solutions (from 25 to 100%)
before embedding the samples in Epok resin at 60°C for 48 h (Electron
Microscopy Sciences Inc.). Ultrathin sections were cut with a Reichert
Ultracut microtome (Leica) and then examined under a Hitachi H7100
transmission electron microscope at 75 kV.

ZIKV plaque assay. Four different 10-fold dilutions of purified virus
were spread onto monolayers of Vero cells at 37°C for 2 h to initiate
binding to cells. A mix of nutriment solution with agar (Lonza) was then
added. The cells were maintained at 37°C for 6 days before the plaque
assay. For plaque counting, the cells were incubated with 3.7% formalde-
hyde and 0.1% crystal violet in 20% ethanol. This experiment was re-
peated three times.

Western blotting. Cells were lysed on ice in RIPA buffer (150 mM
NaCl, 5 mM �-mercaptoethanol, 1% NP-40, 0.1% sodium dodecyl sul-
fate, 50 mM Tris-HCl, pH 8) supplemented with Complete protease in-
hibitor cocktail solution (Sigma). The protein concentration was deter-
mined by bicinchoninic acid (BCA) assay (Thermo Scientific, Saint
Herblain, France). Equal amounts of proteins were mixed with Laemmli
sample buffer, subjected to SDS-PAGE, and electrotransferred onto a ni-
trocellulose membrane. The membrane was blocked with PBS-0.05%
Tween 20 containing 5% skim milk, incubated overnight at 4°C with
anti-MX1 as the primary antibody, washed three times with PBS-Tween,
and subsequently incubated for 1 h at room temperature with horseradish
peroxidase-coupled secondary antibodies in PBS-Tween containing 1%
skim milk. The membrane was washed three times, and proteins were
detected by chemiluminescence using a SuperSignal West Pico chemilu-
minescent substrate kit (Thermo Scientific). The immunoblot was then
stripped and reblotted with an anti-�-tubulin Ab to ensure that equiva-
lent levels of protein were loaded in each lane.

Flow cytometry analysis. Flow cytometry analysis was performed as
previously described (26). ZIKV infection was detected using the anti-
4G2 MAb.

Inhibition of infection. Cells were incubated for 30 min prior to in-
fection with medium containing the indicated quantities of goat anti-TIM
and/or anti-AXL polyclonal antibody. Identical concentrations of puri-
fied normal goat IgG were used as a control. Cells were then infected with
ZIKV or DENV for 3 h in the presence of inhibitors, washed, and incu-
bated with culture medium. Infection was quantified by flow cytometry.

RNA interference. Cells were transiently transfected with a 10 nM
final concentration of small interfering RNAs (siRNAs) (26) by using the
Lipofectamine RNAiMax protocol (Life Technologies). After 48 h, cells
were infected at the indicated MOI, and percentages of infected cells at 24
h postinfection were quantified by flow cytometry. For pattern recogni-
tion receptor (PRR) signaling pathways, a 50 nM final concentration of
siRNAs was used. The following pools of siRNAs (ON-TARGETplus
SMARTpool) used in this study were from Dharmacon: siRNA pools for
TIM-1 (L-019856-00), AXL (L-003104-00), Toll-like receptor 3 (TLR3)
(L-007745-00), TLR7 (L004714-00), RIG-I (L-012511-00), and MDA5
(L-013041-00). A nontargeting pool (NT) was used as a negative control.

RESULTS
Human skin cells are permissive for ZIKV infection and repli-
cation. Given the capacity of mosquitoes to inoculate ZIKV into
the human skin during the blood-feeding process, the potential
target cells for infection with this virus are likely to be localized to
the epidermis and dermis, which also constitute the first line of
defense. We first determined the ZIKV susceptibility of skin fibro-
blasts, which have been recognized as a permissive target for var-
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ious arboviruses. Cells were infected in vitro with ZIKV, and the
presence of viral envelope antigens was evaluated by immunoflu-
orescence at different hours postinfection (hpi). No staining was
observed in mock-infected cells or cells stained with an isotype
control antibody (Fig. 1A). In contrast, as soon as 24 hpi, the viral
envelope protein was detected in several cells, whereas at 72 hpi,
100% of the infected cells expressed ZIKV (Fig. 1A). Next, we
evaluated the ability of these cells to produce viral progeny in vitro
by determining viral titers in the supernatants of ZIKV-infected
primary human skin fibroblasts, using a standard plaque assay.
The results show a gradual increase in the production of viral
particles over time, indicating active viral replication in the in-
fected cells (Fig. 1B). Intracellular viral RNA was also quantified
by real-time PCR at different time points postinfection. ZIKV
RNA was detected in fibroblasts challenged with the virus but not
in mock-infected cells, as shown in Fig. 1C. Viral RNA copy num-
bers could be determined as soon as 6 hpi and increased during the
course of infection. The amounts of viral transcripts were mark-
edly high and could reach 108 RNA copies/�l in cells infected with
ZIKV and maintained in culture for 24 to 48 h.

Next, given the observation that the epidermal layer is com-
prised mainly of keratinocytes, we hypothesized that the latter
cells could also be a target for ZIKV. Primary human epidermal
keratinocytes obtained from neonatal foreskin were infected with
ZIKV, and intracellular viral RNA was quantified by quantitative
PCR at different time points postinfection. As shown in Fig. 2A,
ZIKV mRNA was detected in keratinocytes challenged with ZIKV,
but it was not detected in mock-infected cells. Viral RNA was
found to increase over time and could be detected as soon as 6 hpi,
with a maximal amount of 105 viral copies per ml, at both 48 and

72 hpi. The capacity of ZIKV to replicate ex vivo in human skin
cells was also studied. Infection of human skin explants with ZIKV
resulted in a gradual increase in the viral copy number, with max-
imal levels at 5 days postinfection (dpi), pointing to a process of
active viral replication (Fig. 2B). Histological analysis of mock-
infected human skin explants showed all aspects of normal,
healthy skin, with a stratified epidermal layer containing basal
keratinocytes and differentiated layers consisting of stratum
granulosum and stratum corneum (Fig. 2C). In contrast, ZIKV-
infected keratinocytes in human skin explants at 5 dpi showed the
appearance of cytoplasmic vacuolation as well as the presence of
pyknotic nuclei, which was, however, not generalized throughout
the epidermis but limited to the stratum granulosum (Fig. 2D).
Moreover, ZIKV infection induced the sporadic formation of
edema, which was also limited to this subcorneal layer (Fig. 2E).

Immature dendritic cells have been reported to be permissive
for DENV infection, and as such, they are recognized as an impor-
tant target for propagation of this virus in the human skin. ZIKV
infection was therefore also investigated on this cell type, using
DENV as a control, by analyzing the intracellular presence of the
viral envelope protein by flow cytometry. Our results show that
about 50% of human in vitro-generated immature dendritic cells
challenged with ZIKV at an MOI of 0.5 for 24 hpi expressed the
viral envelope (Fig. 3). This percentage is identical to that for cells
infected with DENV under the same experimental conditions.
These results indicate that immature dendritic cells are also per-
missive to infection by this member of the flavivirus family.

DC-SIGN, TIM, and TAM receptors are involved in ZIKV
infection. Several receptors, including DC-SIGN and certain TIM
and TAM proteins, two members of the phosphatidylserine recep-

FIG 1 Primary human fibroblasts are susceptible to ZIKV. (A) Primary fibroblasts infected with ZIKV (MOI � 1) and mock-infected cells were analyzed at
different times postinfection for the presence of the viral envelope protein by immunofluorescence with the 4G2 MAb and an FITC-conjugated anti-mouse IgG.
(B) Viral replication was determined by plaque assay of culture supernatants of ZIKV-infected cells. (C) Expression of viral RNA was determined by real-time
RT-PCR. Data are representative of three independent experiments, each performed in duplicate (error bars represent standard errors of the means [SEM]). The
Wilcox-Mann-Whitney test was employed to analyze the differences between sets of data. *, P 
 0.05.
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tor family, have been reported to facilitate viral entry of DENV
(reviewed in reference 29). To determine whether these receptors
are also involved in ZIKV entry, a series of HEK293T cell trans-
fectants, expressing DC-SIGN, TIM-1, TIM-4, or a TAM family
member (AXL or Tyro3) in a stable manner, were exposed to the
virus. The expression levels of these receptors are shown in Fig. 4A.
The parental, nontransfected HEK293T cells were not susceptible to
ZIKV infection, as shown by the absence of ZIKV antigen detection
(Fig. 4B). The expression of either DC-SIGN or AXL strongly en-
hanced viral infection already at an MOI of 0.1, resulting in about
50% ZIKV-infected cells. Tyro3-expressing HEK293T cells were also
highly permissive for ZIKV, with nearly 70% of the cells infected with
the virus at 24 hpi. In contrast, the expression of TIM-1 or TIM-4 had
only modest or marginal effects on ZIKV entry (Fig. 4B). To further
determine the relative contributions of TIM and TAM receptors to
ZIKV infection, A549 cells that endogenously express TIM-1 and

AXL, but not DC-SIGN (Fig. 5A), were infected with the virus. In
keeping with the potent ZIKV infection-inducing activity of AXL, a
neutralizing Ab specific for this receptor strongly inhibited viral in-
fection of A549 cells (Fig. 5B). In contrast, the presence of a neutral-
izing anti-TIM-1 Ab did not have an impact on the percentage of
ZIKV-infected cells at 24 hpi compared to that of cells infected with
ZIKV alone. However, the combination of the anti-TIM-1 and anti-
AXL Abs completely abrogated ZIKV infection (Fig. 5B). We also
used the RNA silencing technique to downregulate TIM-1 and/or
AXL expression in A549 cells (Fig. 5C). The results mirrored those
obtained with the neutralizing Ab, in that ZIKV infection was only
slightly reduced in TIM-1-silenced cells, strongly inhibited in AXL-
silenced cells, and totally abrogated when both genes were silenced
(Fig. 5D). Finally, to determine the importance of AXL in ZIKV in-
fection, human skin fibroblasts that express AXL but not TIM-1 (Fig.
6A) were infected with the virus in the absence or presence of a neu-

FIG 2 ZIKV infects human keratinocytes and induces morphological changes in human skin biopsy specimens. Primary human keratinocytes (A) and human
skin biopsy specimens (B) were infected with ZIKV (MOI of 1 and 106 PFU, respectively), and expression of viral RNA was determined at different time points
by real-time RT-PCR. Data are representative of three independent experiments, each performed in duplicate (error bars represent SEM). The Wilcox-Mann-
Whitney test was employed to analyze the differences between sets of data. *, P 
 0.05. (C to E) Microscopic observation of mock (C)- or ZIKV (D and E)-infected
human skin biopsy specimens. Small arrows indicate keratinocyte cytoplasmic vacuolation. The large arrow indicates a superficial subcorneal edema, and also
cytoplasmic vacuolation. Magnification, �20. Data are representative of two independent experiments.
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tralizing Ab or specific siRNA. Exposure of the human skin fibroblast
cell line HFF1 to ZIKV and to DENV, as a positive control, resulted in
comparable numbers of infected cells that were inhibited 70% and
50%, respectively, in the presence of a neutralizing anti-AXL Ab (Fig.
6B). Strikingly, the presence of specific AXL siRNA totally inhibited
AXL expression (Fig. 6C) and effectively abrogated the infection with
either virus, thus demonstrating the importance of AXL in the per-
missiveness of human skin fibroblasts to infection and replication of
ZIKV. Taken together, the data indicate an essential and cooperative

role for both TIM and TAM family members in ZIKV infection of
permissive cells.

ZIKV induces an innate antiviral response in primary hu-
man skin fibroblasts. In order to determine whether ZIKV in-
duces an innate antiviral immune response in permissive cells, the
antiviral gene expression profile in infected primary human fibro-
blasts at early time points following ZIKV infection was deter-
mined using a human qPCR array covering 84 human antiviral
genes. This comparative analysis with mock-infected cells showed

FIG 3 Dendritic cells are permissive to ZIKV and DENV. Human immature dendritic cells were infected with ZIKV or DENV (MOI � 1) for 24 hpi, and the
intracellular presence of the viral envelope protein was detected using the pan-flavivirus Ab 4G2 by flow cytometry. Mean fluorescence intensities were
determined, and percentages of infected cells compared to noninfected cells were calculated. Data are representative of three independent experiments.

FIG 4 Entry receptors involved in ZIKV infection. (A) Expression profiles of HEK293T cells stably expressing DC-SIGN, TIM-1, TIM-4, AXL, or Tyro3 (white
histograms) and of parental, nontransfected cells (gray histograms). MFI, mean fluorescence intensity. (B) HEK293T cells expressing the indicated receptors were
incubated with ZIKV (MOI � 0.1 and 1), and the percentage of infected cells was determined by measuring the expression of the viral envelope protein by flow
cytometry at 24 hpi. Data are representative of three independent experiments.
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the specific induction of pattern recognition receptors (PRRs)
able to detect the presence of pathogen-associated molecular pat-
terns (PAMPs) in response to ZIKV infection. This is particularly
illustrated by the upregulation of TLR3 mRNA expression, as well
as by enhanced transcription of the DDX58 (RIG-I) and MDA5
(IFIH1) genes, which reportedly are involved in the detection of
other flavivirus members (Table 1). Increased PRR expression lev-
els and kinetics of expression during an extended time course of
infection were confirmed by individual qRT-PCR analyses. As
shown in Fig. 7A, RIG-I, MDA5, and TLR3 expression was up-
regulated in ZIKV-infected fibroblasts as soon as 6 hpi, with max-
imal mRNA levels detected at 48 hpi. In contrast, no activation of

the TLR7 gene was observed in these cells following infection with
ZIKV. The detection of viral PAMPs by TLR3 and other PRRs
initiates downstream signaling pathways that account for the en-
hancement of transcription factors known to mobilize the antivi-
ral machinery. The results shown in Table 1 and Fig. 7A are con-
sistent with this general notion, as IRF7 mRNA levels were
increased in ZIKV-infected cells. IRF7 is a transcription factor that
binds to the interferon-stimulated response element, located on
the promoters of type I IFN genes (30). This result corroborates
not only the enhanced IFN-� and IFN-� gene expression detected
following infection with ZIKV but also the upregulation of expres-
sion of several interferon-stimulated genes (ISGs), including

FIG 5 Involvement of AXL and TIM-1 in ZIKV infection of A549 cells. (A) Cell surface expression levels of AXL, TIM-1, and DC-SIGN on A549 cells, as
determined by flow cytometry. Immunofluorescence staining of cells with a specific MAb (white histograms) is superimposed on that with an isotype control
MAb (gray histograms). (B) A549 cells were incubated with ZIKV (MOI � 1) for 1 h at 4°C in the presence of neutralizing anti-TIM-1 (5 �g/ml) and/or anti-AXL
(10 �g/ml) or with different concentrations of goat IgG, as a control. The percentage of infected cells was measured by flow cytometry and normalized to that in
the presence of control IgG. Data shown are representative flow cytometry analysis data (upper panels) and are also presented as means � SEM for at least three
independent experiments (lower panel). (C) A549 cells were transfected with the indicated siRNA, and TIM-1 and AXL expression was assessed by flow
cytometry at 24 hpi. (D) Cells were infected with ZIKV (MOI � 1). Infection was normalized to that in nontargeting (siNT) siRNA-transfected cells. To test the
significance of the differences, analysis of variance (ANOVA) was performed with GraphPad Prism software. Statistically significant differences between each
condition and control cells are denoted by asterisks, which indicate P values of 
0.05. Data are representative of three independent experiments.

Hamel et al.

8886 jvi.asm.org September 2015 Volume 89 Number 17Journal of Virology

http://jvi.asm.org


OAS2, ISG15, and MX1 (Table 1 and Fig. 7B). The expression of
the CXCR3 ligand CXCL10, as well as the inflammatory antiviral
chemokine CCL5, was also induced by ZIKV. Finally, ZIKV infec-
tion of skin fibroblasts was also found to activate certain inflam-
masome components, as evidenced by a strong increase in the
expression of AIM2 and interleukin-1� (IL-1�) transcripts (Fig.
7A). In order to determine the involvement of each of the upregu-
lated PRRs in the antiviral response against ZIKV, the effects of
specific siRNAs on viral replication were studied. Expression lev-
els of MDA-5, RIG-I, TLR3, and TLR7 in HFF1 cells were de-
creased by 80% 24 h following the transfection of these cells with

specific siRNAs and were completely inhibited after 48 h (Fig. 8A
to D), thus validating the efficacy of this approach. Inhibition of
TLR3 expression, unlike that of the other PRRs, resulted in a
strong increase in the viral RNA copy number 48 h following viral
infection of the cells (Fig. 8E). However, inhibition of TLR3 ex-
pression did not modulate type I IFN mRNA expression in the
infected cells (results not shown). Taken together, these results
underscore the importance of TLR3 in the induction of an antivi-
ral response against ZIKV.

Type I and type II IFNs inhibit ZIKV replication. Because of
the observed induction of type I IFNs by ZIKV-infected skin fi-

FIG 6 Expression of AXL permits ZIKV infection of skin fibroblasts. (A) Cell surface expression levels of AXL and TIM-1 on HFF1 cells were monitored by flow
cytometry. Immunofluorescence staining of cells with a specific MAb (white histograms) is superimposed on those with an isotype control MAb (gray
histograms). (B) HFF1 cells were incubated with ZIKV (MOI � 3) or DENV (MOI � 5) for 1 h at 4°C in the presence of neutralizing anti-AXL or normal goat
IgG, as a control. The percentage of infected cells was measured by flow cytometry and normalized to that in the presence of control IgG. Data shown are
representative flow cytometry analysis data (upper panels) and are presented as means � SEM for at least three independent experiments (lower panel). (C) HFF1
cells were transfected with the indicated siRNA for 24 h, and then cells were infected with ZIKV (MOI � 3) or DENV (MOI � 5). Infection was normalized to
that in nontargeting (siNT) siRNA-transfected cells. To test the significance of the differences, ANOVA was performed with GraphPad Prism software.
Statistically significant differences between each condition and control cells are denoted by asterisks, which indicate P values of 
0.05. Data are representative of
three independent experiments.
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broblasts, their effects on viral replication in the latter cells were
investigated. Primary skin fibroblasts were pretreated for 6 h with
increasing doses of recombinant human IFN-�, IFN-�, or IFN-�
and infected with ZIKV at an MOI of 1, and viral RNA copy num-
bers were determined by real-time PCR. At this viral titer, both
type I and type II IFNs strongly and dose-dependently inhibited
viral replication, with similar efficacies (Fig. 9A to C). The effects
of IFNs were corroborated by a decrease in the release of viral
particles, as measured by plaque assay, in the culture supernatants
of the infected cells (Fig. 9D to F). These results show that ZIKV is
highly sensitive to the antiviral effects of both type I and type II
IFNs.

Autophagosome formation in infected skin fibroblasts in-
creases ZIKV replication. Autophagy is a multistep process re-
sponsible for degradation and recycling of cytoplasmic compo-
nents that augments the replication and dissemination of several
arboviruses. We therefore analyzed whether infection of skin fi-
broblasts with ZIKV resulted in the formation of autophago-
somes. First, an electron microscopy study was carried out to
demonstrate the presence of ZIKV particles in cytoplasmic com-
partments as a result of exposure of cells to the virus. At 72 hpi,
intravacuolar structures in ZIKV-infected fibroblasts were found
to contain capsids, in combination with enveloped and electron-
dense spherical viral particles that were 70 to 100 nm in diameter,
which is a general feature of flavivirus particles (Fig. 10A and B).
Moreover, ZIKV infection was associated with the formation of
numerous double-membrane intracytoplasmic vacuoles that are
characteristic of autophagosomes (Fig. 10C and D) and were not
observed in mock-infected cells (results not shown). To further

TABLE 1 Modulation of antiviral gene expression by ZIKV infection

Gene

Fold change in gene expression at
indicated time postinfectiona

6 h 24 h

AIM2 5.77 19.67
APOBEC3G 3.31 2.64
ATG5 �1.14 1.06
AZI2 1.24 1.96
CARD8 �1.71 �1.36
CASP1 2.82 2.67
CASP10 3.27 3.31
CASP8 1.96 1.31
CCL3 �1.71 �1.36
CCL5 1.52 5.65
CD40 1.90 �1.14
CD80 �1.71 �1.36
CD86 �1.71 152.01
CHUK 1.01 �1.16
CTSB 1.11 �1.00
CTSL1 �1.00 �1.11
CTSS 2.48 2.07
CXCL10 �47.90 12.54
CXCL11 �6.24 2.05
CXCL9 �5.55 �1.36
CYLD �1.92 �1.55
DAK 2.00 2.28
DDX3X 1.27 �1.06
DDX58 �3.16 4.88
DHX58 1.76 2.64
FADD �1.34 �1.08
FOS �1.93 2.29
HSP90AA1 1.42 1.44
IFIH1 �1.37 7.30
IFNA1 2.34 3.36
IFNA2 �1.71 �1.36
IFNAR1 �1.35 �1.30
IFNB1 �1.71 3.70
IKBKB 1.67 1.06
IL-12A 1.53 �1.10
IL-12B �1.73 �1.36
IL-15 �1.04 1.27
IL-18 �1.63 �1.74
IL1B �3.21 �5.29
IL-6 1.13 8.21
IL-8 �2.83 3.73
IRAK1 1.40 1.61
IRF3 �1.14 �1.08
IRF5 �2.03 1.26
IRF7 1.25 3.16
ISG15 �1.10 8.33
JUN 5.73 2.53
MAP2K1 �1.02 �1.12
MAP2K3 �1.02 1.01
MAP3K1 2.34 �1.48
MAP3K7 �1.15 �1.29
MAPK1 1.26 1.01
MAPK14 1.37 �1.22
MAPK3 1.42 1.25
MAPK8 �1.21 �1.26
MAVS �1.02 �1.53
MEFV �648.97 2.62
MX1 1.08 27.44
MYD88 �1.03 1.76
NFKB1 1.22 1.63

TABLE 1 (Continued)

Gene

Fold change in gene expression at
indicated time postinfectiona

6 h 24 h

NFKBIA �3.32 1.55
NLRP3 �1.71 1.12
NOD2 �1.71 �1.36
OAS2 1.14 16.66
PIN1 1.62 1.09
PSTPIP1 �1.19 1.05
PYCARD 1.79 1.80
PYDC1 �1.36 �1.36
RELA 1.16 �1.05
RIPK1 1.62 1.40
SPP1 �1.88 �1.27
STAT1 1.07 1.75
SUGT1 1.28 �1.00
TBK1 �1.20 1.07
TICAM1 1.49 1.52
TLR3 2.08 2.73
TLR7 �1.71 �1.36
TLR8 �1.71 �1.36
TLR9 �1.00 �2.25
TNF �1.71 �2.13
TRADD 1.50 1.26
TRAF3 �1.59 1.35
TRAF6 1.32 �1.13
TRIM25 1.43 1.83
a Values represent fold inductions of mRNA copy numbers in infected cells relative to
mock-infected cells. Values in bold indicate differentially expressed genes.
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determine whether autophagy was induced following ZIKV infec-
tion, the skin fibroblast cell line HFF1 was infected with the virus,
and the coexpression of the viral envelope protein and the cytoso-
lic microtubule-associated light chain 3 (LC3), an autophago-
some-specific marker, was determined by confocal microscopy.
Torin 1, a chemical inducer of autophagy, was used as a positive
control. As shown in Fig. 11A, ZIKV infection induced the forma-
tion of LC3 puncta in infected fibroblasts, while LC3 labeling was
more diffuse in mock-infected cells. Interestingly, the LC3 signal
in infected cells completely colocalized with that of the viral enve-
lope protein detected by using specific antibodies. Moreover, the
simultaneous addition of ZIKV and Torin 1 to primary fibroblasts
enhanced viral replication, as shown by an increase in the viral

RNA copy number (Fig. 11B). Conversely, addition of the
3-methyladenine (3-MA) autophagy inhibitor decreased the
number of viral copies in ZIKV-infected cells, without any cyto-
toxic effect on the cells (results not shown), thus formally con-
firming the association between enhanced autophagosome for-
mation and increased viral replication. Taken together, these
results show that ZIKV is able to increase its replication via induc-
tion of autophagy in the host cell.

DISCUSSION

ZIKV is a flavivirus related to the yellow fever, dengue, West Nile, and
Japanese encephalitis viruses that causes an arthropod-borne disease
in humans, known as Zika fever. Originally detected in a sentinel

FIG 7 ZIKV induces an innate antiviral response in primary human skin fibroblasts. (A) Primary human fibroblasts were exposed to ZIKV (MOI � 1), and
mRNA levels were quantified over time by real-time RT-PCR. Results are expressed as the fold induction of transcripts in ZIKV-infected cells relative to those in
mock-infected cells. Data are representative of three independent experiments, each performed in duplicate (error bars represent SEM). The Wilcoxon-Mann-
Whitney test was employed to analyze the differences between sets of data. P values of 
0.05 were considered significant (*). (B) Cells were exposed to ZIKV
(MOI � 1) at the indicated times, and MX1 protein levels were detected by Western blotting using a specific antibody. The immunoblot was stripped and
reblotted with an anti-�-tubulin Ab as a control for protein loading. Data are representative of three independent experiments.
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rhesus monkey in Uganda in 1947 (31), and 20 years later isolated
from humans in Nigeria, the virus has since spread to other regions of
the world. Importantly, following recent outbreaks in Micronesia,
French Polynesia, Cook Island, and Easter Island, ZIKV has become
an emerging arbovirus (18). However, other than its phylogenetic
relationship to other members of the flavivirus family, no informa-
tion is available on the cellular tropism of ZIKV and the nature of the
cellular receptors that mediate its entry. In the present study, we iden-

tified the initial target cells of ZIKV in the skin compartment, as well
as its entry receptors, and furthermore, we characterized the antiviral
response elicited following infection of permissive cells with the
PF-13 ZIKV strain isolated during the recent outbreak in French
Polynesia (18). This strain is closely related to those isolated from
patients infected during the ZIKV outbreaks in Cambodia in 2010
and Yap State in 2007 and is thus relevant to the results reported for
those outbreaks as well.

FIG 8 Effects of PRR silencing on ZIKV replication and IFN expression. (A to D) siRNAs specific for MDA5 (siRNA-MDA5), RIG-I (siRNA-RIG-I), TLR3 (siRNA-
TLR3), and TLR7 (siRNA-TLR7), as well as a nonspecific siRNA (siRNA-Ctrl), were transfected into HFF1 cells 24 h before infection with ZIKV (MOI � 0.1).
Reductions of mRNA levels by siRNAs were confirmed by real-time RT-PCR at 24 and 48 hpi. Results are expressed as the fold induction of expression of transcripts in
specific siRNA-transfected cells relative to that in siRNA-Ctrl-transfected cells. The latter value corresponds to 1 on the ordinate of each histogram. Data are represen-
tative of two independent experiments, each performed in triplicate, and are normalized according to the 18S mRNA levels in the samples (error bars represent SEM).
The Wilcoxon-Mann-Whitney test was used to analyze the differences between sets of data. P values of 
0.05 were considered significant (*). (E) Viral copy numbers in
siRNA-transfected cells were measured by real-time RT-PCR at 24 and 48 hpi. Statistically significant differences (P values 
 0.05) between specific siRNA- and
siRNA-Ctrl-transfected cells were determined by ANOVA, using GraphPad Prism software, and are denoted by an asterisk. Data are representative of two independent
experiments, each performed in triplicate.
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ZIKV is transmitted by the Aedes mosquito, which deposits the
virus in the epidermis and dermis of the bitten host during a blood
meal. Indeed, both skin fibroblasts and epidermal keratinocytes
were found to be highly permissive to infection with ZIKV. Infec-
tion of skin fibroblasts rapidly resulted in the presence of high
RNA copy numbers and a gradual increase in the production of
ZIKV particles over time, indicating active viral replication in the
infected cells.

ZIKV infection of epidermal keratinocytes resulted in the ap-
pearance of cytoplasmic vacuolation as well as the presence of
pyknotic nuclei in the stratum granulosum, which is indicative of
cells undergoing apoptosis. This bears similarity to observations
made with DENV, which induces the appearance of apoptotic
cells in the epidermis of infected human skin explants (27). It can
be speculated that the induction of apoptotic cell death is a mech-
anism by which ZIKV, like DENV, is able to divert antiviral im-
mune responses by increasing their dissemination from dying
cells. These results also corroborate previous reports in the litera-
ture showing the importance of keratinocytes in infections with
other flaviviruses, such as WNV (32) and DENV (25). In addition
to dermal fibroblasts and epidermal keratinocytes, we report that
dendritic cells are permissive to infection with ZIKV. This comes
as no surprise given the involvement of skin antigen-presenting
cells in the replication of other flavivirus members, in particular

DENV, which efficiently infects Langerhans cells (33). However,
the selective susceptibility of permissive cells in the dermis and
epidermis, including Langerhans cells, dermal dendritic cells,
macrophages, fibroblasts, and keratinocytes, to infection with
ZIKV needs to be determined.

The first step of flavivirus entry into a host cell is mediated by
the viral envelope protein, which interacts with several cell surface
receptors and attachment factors, whose differential expression
determines the cellular tropism of the virus. At present, more than
a dozen putative entry receptors and factors, in particular for
DENV, have been described. Several of them, such as heat shock
proteins, laminin receptor, integrin �v�3, prohibitin, claudin-1,
scavenger receptor class B, and natural killer cell receptor NKp44,
can interact with viral particles in mammalian and/or mosquito
cells, but their exact role in the flavivirus entry program, as well as
their physiologic relevance, is not well understood (reviewed in
reference 29). Heparan sulfate, a sulfated polysaccharide associ-
ated with proteins from the extracellular matrix, has been de-
scribed as a nonspecific attachment factor of flaviviruses, as it
concentrates viral particles on the cell surface and facilitates their
interaction with primary receptors (34–38). Among them, C-type
lectin receptors, such as the dendritic cell-specific intracellular
adhesion molecule 3-grabbing nonintegrin (DC-SIGN; also called
CD209), the mannose receptor, and the C-type lectin domain

FIG 9 IFNs inhibit ZIKV infection. Primary skin fibroblasts were pretreated with different concentrations of IFN-�, IFN-�, and IFN-� for 6 h before infection
and were then exposed to ZIKV at an MOI of 1. (A to C) Inhibition of viral replication at 24 hpi was measured by real-time RT-PCR. (D to F) Release of viral
particles, as quantified by plaque assay of culture supernatants. The statistical significance of the data was determined using ANOVA and GraphPad Prism
software; statistically significant differences are denoted by asterisks (P 
 0.05). Data are representative of three independent experiments, each performed in
duplicate (error bars represent SEM).
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family 5 member A (CLEC5A; also called MDL-1), play an impor-
tant role in flavivirus binding and infection of myeloid cells (39–
41). Recently, TIM and TAM proteins, two distinct families of
transmembrane receptors that participate in the phosphatidylser-
ine-dependent phagocytic engulfment and removal of apoptotic
cells, have also been shown to act as DENV entry factors, promot-
ing viral infection by attaching to and possibly internalizing viral
particles in human cell cultures and primary cells targeted by fla-
viviruses (26, 29).

We show here that ZIKV entry is mediated by DC-SIGN, AXL,
Tyro3, and, to a lesser extent, TIM-1. Although TIM-1 by itself
contributed little to ZIKV infection, its expression nevertheless
had an additive effect on the efficacy of AXL-mediated viral entry.
This raises the interesting possibility of a cooperation between
both receptors, with TIM-1 acting as an attachment factor that
binds viral particles and transfers them to AXL, which could in
turn participate in viral internalization. In that sense, TIM-1
might not be indispensable for ZIKV endocytosis and infection
but rather would concentrate virions on the cell surface to facili-
tate their interaction with AXL, as well as the subsequent infec-
tion, which might explain the additive inhibitory effect observed
when both receptors are blocked by use of neutralizing antibodies.
However, additional experiments are required to assess the exact
role in ZIKV infection played by TIM and TAM receptors.

As has been reported for DENV, there seems to be a large
number of receptors and/or attachment factors that are able to
mediate entry of ZIKV into permissive cells. Note, however, that
the permissiveness of skin cells to ZIKV is also determined by the
profile of receptor expression by these target cells. In this respect,

unlike immature dendritic cells, which are also a primary target
cell type for ZIKV infection, neither cutaneous fibroblasts nor
epidermal keratinocytes express DC-SIGN. In contrast, the latter
cells, as well as macrophages, vascular endothelium cells, and as-
trocytes (reviewed in reference 42), express AXL, which was
shown in the present study to have major importance for ZIKV
entry. The availability of different entry receptors is likely to pro-
vide an evolutionary advantage for the virus, and as a result, the
virus is able to infect a wide range of target cells and invade the
human host. Nevertheless, the contribution of each of these recep-
tors and/or attachment factors to ZIKV infection and pathogene-
sis is currently unknown and remains to be established. It is also
important to consider that other, as yet unidentified cell surface
molecules may exist that might account for the tropism of ZIKV.

The outcome of viral infection is determined by a competition
between viral replication and the host immune response. The lat-
ter is programmed to rapidly control viral replication and to limit
virus spread by recognizing nonself nucleic acids as PAMPs, trig-
gering an antiviral response. Indeed, infection of fibroblasts in
vitro with ZIKV strongly induced the expression of several antivi-
ral gene clusters, in particular those for PRRs, such as RIG-I,
MDA-5, and TLR3, that are able to detect the presence of PAMPs.
These results corroborate previous reports in the literature show-
ing that these gene products play a sensory role in the detection of
other flaviviruses, such as DENV and WNV (25, 43). The induc-
tion of TLR3 expression is rapid and already detectable at 6 hpi,
whereas that of RIG-I and MDA-5 is delayed. It can therefore be
hypothesized that these molecules trigger a coordinated induction
of the antiviral immune reaction against ZIKV, with TLR3 prim-

FIG 10 Electron microscopic imaging of ZIKV-infected primary fibroblasts. (A) Membrane vesicles with sizes between 70 and 100 nm, observed in intimate
association with the endoplasmic reticulum, are indicated by a white arrow. Black arrows indicate the presence of spherical capsids detected in intracellular
vacuoles or docked to intracellular membranes. (B) Enlargement of a ZIKV particle. The intracellular electron-dense spherical capsid is 40 nm in diameter. (C)
Assembled capsids are transported to the cell surface in intracellular vacuoles. (D) Autophagosomes are frequently detected in infected fibroblasts, and assembled
capsids are observed inside this compartment. Data are representative of two independent experiments.
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ing an early response that is amplified by RIG-I and MDA-5 at a
later stage. This sequence of events has also been suggested previ-
ously with respect to the immune response of fibroblasts following
infection with DENV (44). However, in that study, the involve-
ment of only TLR3 and RIG-I was considered, because, in contrast
to ZIKV infection, DENV infection did not enhance the expres-
sion of MDA5 in skin fibroblasts.

Both TLR3 and TLR7 are implicated in the induction of an
immune response against flaviviruses, and triggering of these
PRRs has been shown to initiate signaling pathways leading to the
production of type I IFNs, as well as other inflammatory cytokines
and chemokines, by hepatocytes and macrophages (reviewed in
reference 45). Indeed, ZIKV infection strongly enhanced TLR3
expression, in association with the production of IFN-� and
IFN-� in infected cells. However, whereas inhibition of TLR3 ex-
pression by siRNA indeed resulted in a strong enhancement of
viral replication, no effect on type I IFN mRNA expression was

detected. Although TLR3 seems to play an important role in the
antiviral response to ZIKV, the mechanism by which this receptor
contributes to the control of viral replication remains to be deter-
mined. In contrast, no modulation of TLR7 expression was ob-
served, which is reminiscent of results obtained with DENV-in-
fected skin fibroblasts (44). The absence of TLR7 induction was
also reported in a separate study, in which expression of PRRs in
virally infected fibroblasts of different origins was analyzed (46).
Taken together, these findings confirm the notion that the in-
volvement of various TLR members seems to be dependent on the
virus and cell type.

The detection of ZIKV-expressed PAMPs also resulted in an
increase in transcriptional levels of IRF7, a transcription factor
that binds to the interferon-stimulated response element, located
on the promoters of type I IFN genes (30). This result corroborates
the enhanced IFN-� and IFN-� gene expression detected follow-
ing infection with ZIKV, as well as the upregulation of expression

FIG 11 ZIKV induces autophagy in infected skin fibroblasts. (A) Visualization of autophagosome formation by LC3 aggregation in mock- or ZIKV-infected cells
and cells treated with Torin 1. Cells were fixed at 24 hpi, and the colocalization of autophagosomes and ZIKV was determined by immunofluorescence, using
MAbs specific for LC3 or the viral envelope protein (4G2). Data are representative of three independent experiments. (B and C) Primary human skin fibroblasts
were exposed to ZIKV (MOI � 2) in the absence (cells were treated with the vehicle [0.05% dimethyl sulfoxide]) or presence of Torin 1 (B) or 3-MA (C), at the
indicated concentrations, and viral replication was quantified by real-time RT-PCR at 24 and 48 hpi. Data are representative of three independent experiments.
To test the significance of the differences, ANOVA was performed with GraphPad Prism software. Statistically significant differences between each condition and
control cells are denoted by asterisks (P 
 0.05).
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of several interferon-stimulated genes, including OAS2, ISG15,
and MX1. The expression of the two CXCR3 ligands, CXCL10 and
CXCL11, was also induced by ZIKV. The latter chemokines not
only play a role in innate and adaptive immunity by attracting T
cells and other leukocytes to sites of inflammation but also display
direct, receptor-independent, defensin-like antimicrobial activity
when present at elevated concentrations in dermal fibroblasts
(47). In addition, infection of skin fibroblasts by ZIKV resulted in
upregulation of CCL5, another inflammatory chemokine that is
known for its antiviral activity.

Whereas TLR3 transcription was significantly enhanced, IRF3
gene expression, in contrast, remained unchanged during the
course of ZIKV infection of fibroblasts. A similar observation was
made in DENV-infected epidermal keratinocytes, in which no en-
hanced IRF3 expression could be detected. This is somewhat sur-
prising because IRF3 is known to play an important role in the
induction of IFN-� production in cells exposed to PAMPs from
various viruses (48). Moreover, double-stranded RNA (dsRNA)-
mediated triggering of RIG-I and MDA5, both molecules whose
expression is upregulated following infection with ZIKV and
other flaviviruses, seems to be crucial for IRF3 activation (25). It
has been reported that IFN-� production, which is essential for
the early antiviral immune response, was observed in both wild-
type and IRF3�/� mice following WNV infection (48). These re-
sults corroborate the present and previously published data (25)
indicating that the production of type I IFNs in response to DENV
or ZIKV infection is apparently independent of the IRF3 pathway
in both flavivirus-infected epidermal keratinocytes and skin fibro-
blasts. Note that the replication of ZIKV was significantly inhib-
ited by both type I and type II IFNs, in keeping with the general
antiviral activity of these cytokines with critical functions in host
defense mechanisms.

Electron microscopy analysis of ZIKV-infected primary skin
fibroblasts showed the presence of membrane vesicles of 70 to 100
nm that were located in intimate association with the endoplasmic
reticulum, indicating that ZIKV replication occurs in close asso-
ciation with host cell membranes. These results are in line with an
earlier report in the literature underscoring the importance of
fibroblasts as a primary cell type of replication for flaviviruses,
such as DENV, that, through the release of viral particles, may
contribute to subsequent viral dissemination (44). ZIKV infection
also induced an autophagy program, as demonstrated by the pres-
ence of characteristic autophagosome-like vesicles in the infected
fibroblasts. Autophagy is a process characterized by the presence
of double-membrane vesicles, known as autophagosomes, that
recruit cytoplasmic material and subsequently fuse with lyso-
somes for protein degradation. Autophagy not only participates in
the degradation of proteins and damaged organelles in the cyto-
plasm to maintain homeostasis (49) but also is involved in host
immunity against pathogen infection. This is particularly illus-
trated by vesicular stomatitis virus (50)-, Sendai virus (51)-, and
herpes simplex virus 1 (52)-infected cells, in which autophagy-
mediated degradation of viral proteins limits viral replication and
promotes cell survival. In contrast, the autophagy process can be
subverted by viruses. This is true for several arboviruses, including
DENV (53, 54), Chikungunya virus (55), and Japanese encepha-
litis virus (56), that use components of the autophagy pathway to
promote their replication and dissemination by clearing cells
through multiple mechanisms. In this regard, autophagy may thus
have both pro- and antiviral effects.

Autophagy in ZIKV-infected fibroblasts was furthermore con-
firmed by the demonstration of colocalization of the viral enve-
lope protein and the cytosolic microtubule-associated molecule
LC3. The results also showed that stimulation of autophagosome
formation by Torin 1 further enhanced the replication of ZIKV in
permissive cells, whereas the presence of 3-MA, an inhibitor of
autophagosome formation, strongly reduced viral copy numbers
in the infected fibroblasts, indicating that autophagy promotes the
replication of ZIKV in permissive cells. In this respect, ZIKV be-
haves like most other flavivirus members, with the exception of
WNV (57), by its capacity to interact with the conventional au-
tophagy pathway in mammalian cells. The precise mechanism by
which ZIKV induces autophagy still needs to be determined. Nev-
ertheless, similar to the findings for DENV (58), the results from
our study demonstrating the colocalization of ZIKV with LC3
strongly suggest that autophagocytic vacuoles are the site of viral
replication. It can furthermore be speculated that autophagy may
promote replication of ZIKV infection through restriction of the
antiviral innate immune response (59), by enhancement of trans-
lation of the viral genome that has entered the mammalian cells
(60), or by providing additional energy and relevant membrane
structures for viral replication (61). However, the exact molecular
mechanism(s) by which ZIKV highjacks components of the au-
tophagosome pathways remains to be determined.

At present, ZIKV has received far less attention in the literature
than the other mosquito-borne flavivirus members. Nevertheless,
it is considered to be an emerging virus because of its global
spreading during the last decades and its pathogenic potential,
which is reminiscent of that of DENV. Importantly, ZIKV was
recently isolated in Gabon, from the Asian tiger mosquito A. al-
bopictus (62), a rapidly expanding Aedes species that lives in close
contact with human urban populations (63, 64) and that typically
feeds not only at dusk and dawn but also in the daytime. This
underscores its menacing character, as this vector is known for its
capacity to colonize new environments, either by progressive ex-
tension from already occupied zones or by jumping to new areas,
in particular to those in heavily populated urban areas. In this
respect, a better understanding of the role of mosquito saliva in
ZIKV infection is an important point that must be addressed in
the future as well.

Taken together, the results presented in this study pertaining to
the identification of the cellular tropism and molecular mecha-
nisms of infection and replication of ZIKV, as well as the signaling
pathways involved in the antiviral immune response to this virus,
permit us to gain better insight into its mode of action and to
devise strategies aiming to interfere with the pathology caused by
this emerging flavivirus.
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